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Abstract 
The paper analyses the process and impact of selected factors on energy efficiency of potato-derived ethyl alcohol production 
process in Poland. Data from a variety of agricultural distilleries in Poland were used, and 10 selected indices of the process were 
taken into account. The research involved using sophisticated tools such as cluster analysis, sensitivity analysis and artificial 
neural network. 
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1. Introduction 
Alcohol is produced from three main types of raw material including materials that contain carbohydrates in the 
form of sugar (molasses, sugar cane), materials that contain carbohydrates in the form of starch (e.g. potatoes, corn 
and rye), and materials that contain carbohydrates in the form of cellulose (e.g. wood and agricultural waste) Kwong 
and Valerie (2001).  
In Poland, ethanol is produced in two types of distilleries, agricultural and industrial ones. Agricultural 
distilleries, with the capacity of approx. 2 million litres of spirit per year have contended with a difficult financial 
situation, caused by low price of spirit paid by buyers, increased demand of imported bioethanol and high price of 
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agricultural distillate, Golisz and Wójcik (2013). Moreover, industrial distilleries are competitive as their production 
capacity is over 10 to a few dozen greater than the capacity of an agricultural distillery. Economic situation of 
agricultural distilleries necessitates searching for new innovative solutions that can be implemented in the process of 
ethyl alcohol production. Good management of the ethanol production process can help to lower the manufacturing 
costs of the finished product, and to improve the energy efficiency of the process. 
Energy efficiency (EE) is defined as a ratio of the obtained use effect value of a given device, in normal 
exploitation conditions to the amount of energy used by the device, necessary to achieve the above mentioned result. 
Energy-consumption of production in the agricultural and food-processing sector was described by, among other 
authors, Ferrari et al. (2012), Sieghart (2012), Wojdalski and Dróżdż (2012), Zhang (2010), Kowalczyk and Netter 
(2008), Wang (2008), Kaleta and Wojdalski (2008), Laudański (2007). However, there are no publications on 
energy-consumption of potato-derived alcohol production. Jodkowski et al. (2010) only partially address this 
problem and demonstrate a significant role of stillage in the production of biogas. In Poland, potatoes are the main 
raw material in the distillery industry. In winter and spring farmers sell potatoes to agricultural distilleries, as the 
potatoes are of lower quality at this time of the year and are not suitable for direct consumption (Gurgul and 
Kielesińska 2001). Table 1 presents data related to the efficiency of ethyl alcohol production from selected raw 
materials.   
The last few years show a decline of the share of potato-derived spirit in the market. This situation is caused by 
high price of potato compared to grain. More ethanol can be produced from 1 ha of potatoes than 1 ha of cereal. 
However, given the market prices for both grains an potatoes, production of alcohol from rye is more profitable, 
Lipińska (2013).  
Table 1. Efficiency of ethyl alcohol production from selected starch-containing materials. 
Raw 
material 
Starch content 
1) 
% 
Efficiency ethanol 
l/t raw product 2) 
kg/t raw 
product 2) 
m3/ha of crop 3) 
Corn 65.0 417 330 1500 
Potato  17.8 120 95 2500 
Rye 62.0 390 308 950 
1) Samborski (2005); 2) Marczak (2012); 3) Szewczyk (2004) 
2. Methods 
2.1. Data set 
237 data cases from over a dozen distilleries were used to examine energy efficiency of the process of potato-
derived alcohol production. 10 factors that affect the process were identified, including:  
p   pressure of water vapour [MPa],  
LZ   number of mashes [-], 
zs   starch content [%],  
wr   total efficiency of chemical reactions [%],  
eta   coefficient of heating performance of the steam boiler, it is a ratio of an amount of heat transferred 
to the medium in the boiler to the stream of heat input to the boiler,  
Qwrz  heating value of real fuel measured by means of a device called bomb calorimeter, heating value is 
a ratio of the amount of heat produced from the complete combustion of a unit of fuel [MJ/kg], 
t1   temperature of the condensate leaving the coil pipes of the rectifying column [˚C],  
t2   temperature of fresh water at the input of the steam boiler [˚C],  
JZP  specific steam consumption in the rectifying column [kg/dm3], 
D  hourly steam consumption in the column steamers [kg/h]. 
The following two indicators can be calculated using the input data:  
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x SEC Specific Energy Consumption - an index of unit consumption of real fuel [kg/dm3], 
x SEFC Specific Equivalent Fuel Consumption - an index of unit consumption of equivalent fuel [kg/dm3]. 
The output data of the model being constructed is energy efficiency for a unit of equivalent fuel EE expressed in 
[dm3/kg] determined on the basis of the above indices.  
2.2. Process design 
Ethanol is obtained as a result of fermentation of material that contains monosaccharides disaccharides and 
polysaccharides. There are two methods of alcohol production, fermentation, being the main method (75-90% of the 
total global production) and hydratation. (McMillan 1997). Materials that contain polysaccharides (starch) are the 
basis of fermentation industry. Potato has high content of soluble saccharides. The yield of ethanol from potatoes 
amounts to approx. 0.4 l/kg (Mattiasson 2004). In distilling industry, potato-derived spirit production includes the 
following stages: steaming, malting, fermentation and distillation, fig.1 (Cieślak and Lasik 1979, Komorowicz 2006, 
Tasic 2011, Lay 2012, Zhang 2013). 
 
 
Fig.1. A block diagram for obtaining ethyl alcohol 
In order to define energy efficiency of potato-derived ethyl alcohol production it is required to perform a few 
stages of calculations for individual cycles of production, Kaleta and Wojdalski (2008). On the basis of data was 
calculated the energy efficiency EE(PU) of production, which ranged from 0.9 to 2.1 dm3/kg of equivalent fuel. 
2.3. Modelling and analysis 
The first stage of analysis involved standardization of data that describe production of bioethanol. The dataset 
following standardization was then analysed using cluster analysis. EM algorithm (Expectation, Maximization) was 
used, which algorithm groups cases by fitting a mixture of probability distributions to data, Witten and Frank 
(2001).  
 
Fig.2. Plot of normalized medium values for two clusters in the set of data related to bioethanol production 
raw spirit raw material steaming mashing fermentation distillation rectification 
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The analysis allowed to group similar cases that describe the process of bioethanol production. Based on cluster 
analysis, data were divided into two groups, fig.2. The first cluster, whose characteristic is higher average starch 
content in potatoes, consists of 105 cases of bioethanol production, and the second cluster consists of 132 cases of 
the process.   
2.3.1. Neural network testing 
Two neural models were developed for the above mentioned clusters. All variables that describe the process were 
used in the process of development of both neural networks:  
x as quantitative input variables p, zs, wr, eta, Qw, t1, t2, JZ, D  
x as qualitative input variables: LZ,  
x as output variable EE.  
A diagram of neural networks, with data divided into input and output data is presented in fig. 3.  
 
Fig. 3. A diagram of a neural network with data divided into input and output data 
For cluster 1, MLP 14:4:1 proved to be the best network structure, for which sensitivity analysis (table 2) 
indicates that the least important parameters that have impact on the process is pressure p, heating value of real fuel 
Qw and temperature of temperature of the condensate leaving the coil pipes of the rectifying column t1 as well as 
temperature of fresh water at the input of the steam boiler t2, number of mashes NM. 
Table 2. Sensitivity analysis of the MLP 14:4:1 network for cluster 1 
Sensitivity analysis 
 eta zs D wr JZP LZ t1 p t2 Qwrz 
1.MLP 14-4-1 550.6 358.7 102.9 65.6 20.1 10.9 3.2 1.4 1.3 1.0 
Variables of lesser importance were reduced in order to improve the quality of the network and increase the 
effectiveness of calculations. Use of such a great number of input variables with only 105 data resulted in network 
overlearning, i.e. too good fit of the model to the training data. As a result of reduction of these variables, an MLP 
5:3:1 network was obtained, for which sensitivity analysis is shown in table 3. 
Table 3. Sensitivity analysis of the reduced network MLP 5:3:1 for cluster 1 
Sensitivity analysis 
 eta zs D wr JZP 
1.MLP 5-3-1 116.8 73.5 23.9 11.3 4.8 
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Based on the obtained results, it may be concluded that the coefficient of heating performance of the steam boiler 
is the most significant parameter of the process, followed closely by starch content, unit consumption of steam in the 
steamer, reaction efficiency and specific steam consumption in the rectifying column. 
In case of cluster two, the procedure was identical. This group consists of cases with lower average starch content 
and higher number of mashes than in cluster 1. Results of the developed neural network for all variables and for a 
reduced number of input data are presented in tables 4 and 5, respectively. 
Table 4. Sensitivity analysis of the MLP 16:4:1 network for cluster 2 
Sensitivity analysis 
 eta zs D wr LZ JZP t1 t2 p Qwrz 
2.MLP 16-4-1 1219.8 232.0 224.4 126.5 37.4 16.1 3.3 2.9 2.3 1.4 
Table 5. Sensitivity analysis of the reduced network MLP 5:3:1 for cluster 2 
Sensitivity analysis 
 eta zs D wr JZP 
2.MLP 5-3-1 312.3 60.9 59.0 25.6 5.9 
In cluster 2, the order of input variables is identical to the previous analysis. As in cluster 1, the most significant 
parameter is the coefficient of heating performance of the steam boiler, followed by starch content, unit 
consumption of steam in the steamer and reaction efficiency. However, the importance of these factors has different 
weights.   
2.3.2. Verification of neuronal models 
The results of empirical verification (Trajer et.al. 2012) of the best models for both clusters are presented below, 
where the quality of testing is the correlation coefficient R of individual models for the test set, and the test error δ is 
the sum of squared difference between the input values and the values obtained at the outputs of each output neuron 
for the test set. 
Empirical verification for the 1.MLP 5:3:1 model for cluster 1:  R = 0.996; δ = 0.00012. 
Empirical verification for the 2.MLP 5:3:1 model for cluster 2:  R = 0.998; δ = 0.00001. 
The results indicate high effectiveness of both models.  
3. Results and discussion 
Example results of simulations are presented for factors that are most significant as regards energy efficiency of 
the process of potato-derived ethyl alcohol production: the coefficient of heating performance of the steam boiler, 
starch content, unit consumption of steam in the steamer and reaction efficiency. 
Graphs below (figs. 4-6) present the results for each cluster: figures “a)” for cluster 1 and figures “b)” for 
cluster 2.  
Analysing all the graphs can be noticed that the energy efficiency achieves higher values for data from cluster 1 
than cluster 2. As can be seen, higher values of coefficient of heating performance of the steam boiler, starch content 
in the material and efficiency of reaction allow to obtain higher energy efficiency of bioethanol production process. 
In the case unit consumption of steam in the steamer, with the increase of this parameter, value of the energy 
efficiency decreases. Energy efficiency of the process, can achieve the highest value, for the coefficient of heating 
performance of the steam boiler of 0.7, the starch content of approx. 20%, efficiency of chemical reaction of approx. 
0.9 and unit steam consumption in the steamer of approx. 550 kg/h. 
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Fig. 4. The impact of the coefficient of heating performance of the steam boiler and of starch content in the material on energy efficiency . 
 
Fig. 5. The impact of the coefficient of heating performance of the steam boiler and unit steam consumption in the steamer on energy efficiency. 
 
Fig. 6. The impact of the efficiency of reaction and the coefficient of heating performance of the steam boiler on energy efficiency of the process. 
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4. Conclusions 
Based on the conducted research and analysis of the results, it may be concluded that energy efficiency of 
bioethanol production depends on selected parameters of the process and their values. Parameters were grouped into 
two clusters, according to their values. Efficiency of the process is different for data that belong to each cluster, with 
the higher values for cluster 1. The sensitivity analysis indicates that the most important process parameters that 
affect on energy efficiency of bioethanol production there are: coefficient of heating performance of the steam boiler 
(eta), starch content (zs), unit steam consumption in the steamer (D) and the efficiency of reaction (wr). 
It is possible to reduce energy-consumption of bioethanol production for cases from both clusters by using steam 
boilers with higher performance. Another option is to isolate steamers and use more enzymes for hydrolysis of 
starch contained in potatoes. Also the rectifying column may save energy. The innovations that may be widely used 
in distilling industry include using stillage for biogas production, which allows decreasing the amount of fuel 
required for vapour production. 
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